We examined potable water in Los Angeles, California, as a possible source of infection in AIDS and non-AIDS patients. Nontuberculous mycobacteria were recovered from 12 (92%) of 13 reservoirs, 45 (82%) of 55 homes, 31 (100%) of 31 commercial buildings, and 15 (100%) of 15 hospitals. Large-restriction-fragment (LRF) pattern analyses were done with AseI. The LRF patterns of Mycobacterium avium isolates recovered from potable water in three homes, two commercial buildings, one reservoir, and eight hospitals had varying degrees of relatedness to 19 clinical isolates recovered from 17 patients. The high number of M. avium isolates recovered from hospital water and their close relationship with clinical isolates suggests the potential threat of nosocomial spread. This study supports the possibility that potable water is a source for the acquisition of M. avium infections.
Members of the Mycobacterium avium complex (MAC), a group of opportunistic human pathogens, cause the most common disseminated bacterial infections in AIDS patients (1, 11, 30) . As many as 40% of patients with advanced AIDS may develop MAC infection (12) . Most patients with disseminated MAC (M. avium, M. intracellulare, and Mycobacterium sp. x [Mx] ) disease are infected with M. avium. The term "Mx" refers to a number of mycobacteria which are DNA or RNA positive for MAC but negative for M. avium and M. intracellulare. MAC may also be invasive in patients with other immunocompromised conditions, such as patients with neoplastic disorders, patients with combined immunodeficiency disease, heart transplant recipients (19) , and patients with no obvious predisposing factors (7, 10, 14, 22, 29) .
Although there may be a decline in the numbers of M. avium infections in developed countries with the use of current AIDS therapy, the long-term effectiveness of these protocols remains to be seen. In addition, non-AIDS patients continue to exhibit infections caused by nontuberculous mycobacteria (NTM).
The environment is considered the most likely source of MAC infection since members of MAC are ubiquitous organisms that are recovered from water (2, 4, 5, 6) , soil and dust (13) , and animals (9) . Currently, there is no evidence that documents person-to-person transmission. In collaborative studies with the Centers for Disease Control and Prevention and the U.S. Environmental Protection Agency, we reported the existence of MAC in water samples obtained by conventional culturing methods from reservoirs, residences, hospitals, and commercial structures in Los Angeles, California (2, 8) .
The purpose of this study was to estimate the relatedness of M. avium strains in Los Angeles potable water to strains isolated from patients in the Los Angeles area. We previously compared a few M. avium isolates obtained from water and from AIDS patients for their relatedness by multilocus enzyme electrophoresis (2, 8) . Small preliminary studies by pulsed-field gel electrophoresis (PFGE) demonstrated that the strains recovered from potable water and patients were identical (3, 28) . In the present, expanded study, a portion of the large number of M. avium isolates obtained from water sources in Los Angeles and clinical isolates from both AIDS and non-AIDS patients were compared for their relatedness by looking at large restriction fragments (LRFs) by PFGE.
MATERIALS AND METHODS
Water collection. Water samples were collected from 1991 to 1996 from the following sources throughout Los Angeles. (i) water was collected from the outlet lines of 13 Los Angeles reservoirs on four separate occasions during the year. These reservoirs supply 90% of the potable water to the city of Los Angeles. Reservoir water samples were collected, concurrently, by the Los Angeles Department of Water and Power for determination of coliform counts, heterotrophic plate counts, and total and free chlorine levels; these determinations were done at the Los Angeles Department of Water and Power Laboratory. (ii) Water was collected from the inlet lines to 15 hospitals, sink and shower water taps (both hot and cold water taps) in patients' rooms, and the water sources for bedside carafes. (iii) Water was collected from 55 randomly selected homes. (iv) Water was collected from 31 commercial buildings (hose bibs and hot and cold water taps from both kitchen sinks and showers). Most homes, buildings, and hospitals were sampled only once. A subset of water samples was collected from the homes of non-AIDS patients exhibiting NTM infections. Extensive immunological studies were not done for most of these patients, but the patients had no prior history of immunodeficiency. The water lines were flushed for 1 min, and samples were collected in 1-liter sterile polypropylene bottles containing 1 ml of 10% sodium thiosulfate to neutralize the residual chlorine. The samples were transported to the laboratory immediately and, if they were not processed promptly, were stored at 2 to 8°C for not more than 24 h.
Concentration and decontamination. Cetylpyridinium chloride, oxalic acid, and/or sodium hydroxide were used as decontaminating agents with 500-ml aliquots of water. These specimens were concentrated by vacuum filtration through 0.45-m-pore-size HABG Millipore filters (2, 8) . The filters were transferred to Middlebrook 7H10 agar plates containing 500 g of cycloheximide per ml (7H10C), sealed in polyethylene bags, and incubated at 37°C.
Species identification of water isolates. Filters were examined with a dissecting microscope (magnification, ϫ7 to ϫ10) at 3 weeks, and plates with no growth were examined again at 8 weeks. The various NTM colony types found on positive cultures were enumerated, and a representative of each colony type was transferred to 0.5 ml of Middlebrook 7H9 broth. After incubation at 37°C, cultures containing acid-fast coccobacilli were subcultured on 7H10C for purity. Clinical isolates. MAC isolates from the blood, bone marrow, or sputum of AIDS patients were obtained from local hospitals and laboratories from 1991 to 1996. Clinical isolates were recovered from patients living in the city of Los Angeles. All isolates were subcultured on Wallenstein medium (Clinical Standard Laboratories, Dominguez Hills, Calif.) or 7H10C medium and were identified to the species level with DNA probes (SNAP or AccuProbe). MAC and non-MAC NTM recovered from human immunodeficiency virus-negative patients were acquired from hospitals and laboratories and included organisms recovered from sputa, respiratory tract lavage samples, or lymph node aspirates. The human immunodeficiency virus-negative patients were apparently immunocompetent. However, comprehensive immunological data were unavailable for these patients.
Scale-up of mycobacterial isolates for LRF analysis. One M. avium colony was sequentially cultivated to a final volume of 180 ml in Middlebrook 7H9 containing 0.5 M sucrose. Following treatment with ampicillin, D-cycloserine, and Dthreonine, when the turbidity reached an absorbance at 580 nm of 0.3 (17, 25) , the colonies were centrifuged, and the centrifuged pellets were suspended in TS buffer (50 mM Tris, 0.5 M sucrose [pH 7.6]) and were stored in 1-ml aliquots at Ϫ70°C.
Preparation of DNA in agarose plugs. The cryogenic vials containing frozen mycobacterial preparations were thawed on ice, diluted to an absorbance at 580 nm of 0.4 in TS buffer, and treated (25) for casting into InCert agarose (FMC Bioproducts, Rockland, Maine). Disposable plug molds (Bio-Rad, Richmond, Calif.) were used to cast the agarose plugs. Lysozyme-, RNase-, and proteinase K-treated plugs were stored at 5°C (17) and were processed for restriction enzyme digestion. Agarose plugs containing Staphylococcus aureus ATCC 8325 were prepared (17) , digested with SmaI (New England Biolabs), and used as molecular weight standards for LRF analyses of M. avium isolates digested with AseI (New England Biolabs).
Restriction endonuclease enzyme digestion. The plugs were washed twice with TE (10 mM Tris, 0.1 mM EDTA [pH 7.6]) on a rotator at a speed of 4 rpm for 2-h intervals and treated with 1 mM phenylmethylsulfonyl fluoride in TE at 5°C for 1 h, followed by two 0.5-h incubations in TE at 37°C with rotation. The plugs were transferred to microcentrifuge tubes containing restriction enzyme buffer, and after 30 min on ice, the plugs were transferred to fresh tubes containing restriction enzyme buffer and 20 U of AseI was added (17) . Following several hours on ice, the tubes were transferred to a 37°C water bath overnight, and the plugs were rinsed with TE and incubated for 1 h at 37°C in 1 ml of TE containing 30 g of proteinase K/ml. Following proteinase K digestion, the plugs were rinsed and stored in 0.5ϫ TBE (0.045 M Tris-borate, 0.001 M EDTA) at 5°C until they were electrophoresed (23) .
LRF analysis. The restriction enzyme-digested agarose plugs (unknowns and molecular weight standards) were electrophoresed in 1.0% FastLane agarose (FMC Bioproducts) in 0.5ϫ TBE buffer (23) . The 1.0% FastLane agarose gels containing 0.5ϫ TBE in a volume of 150 ml were cast in a Bio-Rad wide-long casting stand (21 by 24 cm) with a 21-cm-wide, 1.5-mm-thick, 15-well comb. The electrophoretic parameters used with the Bio-Rad CHEF DRIII system were an initial switch time of 30 s, a final switch time of 60 s, a 22-h run time, 6.0 V/cm, a 120°included angle, a 12.0°C chiller set temperature at the external probe, and a volume of 2.2 liters of 0.5ϫ TBE in the gel box.
The electrophoresed gels were stained with 0.5 g of ethidium bromide/ml in 0.5ϫ TBE for 20 min and were visualized and documented on an UltraViolet Products Image Store 7500 (UltraViolet Products, Upland, Calif.) or an UltraLum gel documentation system (UltraLum, Paramount, Calif.). Documentation was stored as a thermal print and TIFF files for computer analysis. The LRFs in the gels and documented in TIFF files were sized and compared with DNA ProScan Pro-RFLP analysis software (DNA Proscan, Inc., Nashville, Tenn.). The LRF patterns were also analyzed by visual comparison.
Genetic relatedness of banding patterns. Criteria for determination of the relatedness of a group of bacterial isolates when the DNA restriction patterns obtained by PFGE were interpreted were established as proposed by Tenover et al. (27) . A minimum of 10 fragments must be resolved for each isolate for the criteria to be valid. The relatedness between isolates is based on genetic differences and is divided into four categories: indistinguishable, closely related, possibly related, and unrelated, with respective numbers of fragment differences of zero, two to three, four to six, and seven or more.
RESULTS
NTM were present in most reservoirs, homes, commercial buildings, and hospitals (90%) sampled; and 43 (42%) of the NTM (Table 1) were DNA probe positive for MAC. Hospitals had the highest incidence (93%) of M. avium (Table 1 ). The concentration of MAC in water samples ranged from 1 CFU/ 500 ml to too numerous to count (Ϸ10 3 /500 ml). MAC was not found predominantly in hot over cold water, as Du Moulin et al. (6) M. avium LRF analysis. DNA fragments from clinical and water M. avium isolates were electrophoresed, and computer searches for potential matches of clinical and water isolates were conducted. Gels containing the water M. avium isolates which potentially matched clinical M. avium isolates were electrophoresed, and the plugs yielding the most well defined patterns and the greatest number of bands were selected. There was a reduction in the number of plugs to be compared on the bases of the locations and the distinct differences in the restriction patterns.
Sixteen water M. avium isolates with unique patterns were selected by Pro-RFLP software analysis for comparison with 30 clinical M. avium isolates in plugs (the 30 isolates were from 28 patients). Fifteen of the 16 water M. avium isolates demonstrated some relatedness to 19 of the 30 clinical isolates by their AseI restriction patterns (a representative gel is shown in Fig. 1 ).
Numerous investigators (17, 18, 25, 27) have selected AseI as the most suitable restriction enzyme for LRF analysis of mycobacteria since it yields the most consistently clear LRF patterns. The relatedness of water and clinical M. avium isolates as determined by LRF analysis of AseI digests is provided in Table 2 . Some strains appear to be common to the water systems of various buildings. Strains identical to clinical isolates CW15 and CW16 were found in four hospitals, one dwelling, and one reservoir. Strains identical to patient isolate 33 were found in four hospitals; and strains closely related to clinical isolate 33 were found in two hospitals, four dwellings, one commercial building, and one reservoir.
The M. avium isolates from patient C16 and home 41 water yielded identical restriction fragment patterns for three different restriction digests (AseI, HindIII, and XbaI), and these patterns represent the closest relationship between clinical and water M. avium isolates (unpublished data). M. avium C348 (25°C) and C348 (37°C) were recovered from the bone marrow of a 2-year-old child. Extensive immunological testing showed that the child had no deficiencies, but the child succumbed to 
DISCUSSION
M. avium isolates recovered from potable water in three homes, two commercial buildings, one reservoir, and eight hospitals had various degrees of genetic relatedness to 19 clinical isolates recovered from 17 patients. Although this is significant, the actual number of M. avium isolates in Los Angeles potable water that are related to clinical isolates is probably much larger. There are several reasons for this and for the fact that there was less genetic diversity among the water isolates than among the clinical isolates. First, harsh decontamination procedures followed by growth on a selective medium are required for the isolation of M. avium from environmental samples (2, 3, 8) . This leads to the loss of approximately half of the M. avium isolates from seeded samples and possibly to an even greater loss from environmental samples. Our methods may have selected only those strains that were the most resistant to the decontamination agents. Additional problems that could decrease the number of matches in this study were due to either the poor growth of some isolates or the insufficient release of DNA for LRF analysis.
The various numbers of M. avium isolates in water samples collected from the same location, the lack of repetitive sampling from most locations, and the limited number of sampling sites also suggest that the isolates used in this study were an incomplete representation of the M. avium isolates in Los Angeles potable water. Mycobacteria grow in the biofilms in water supply systems (24) , and like other organisms in plumbing systems, they are probably shed in high numbers only periodically. This phenomenon of periodic shedding has been observed in studies of Legionella pneumophila, with the numbers of organisms isolated from individual sites varying from none to over 1,500 CFU per ml (26) . More repetitive sampling could increase the yield of matching organisms from water.
Increasing the number of sampling sites could also lead to It is likely that many of these strains are capable of amplifying in the distribution system or within building plumbing systems. The lower level of diversity in water M. avium isolates found in this study does not necessarily indicate that water is an insignificant source of infection. It is likely a reflection of the limited number of sampling sites, the limited number of colonies that we were able to analyze, and the probable loss of a number of strains due to harsh decontamination procedures. With all of these complications it is surprising that isolates identical to three different clinical strains were found at multiple locations. Evidence from studies of L. pneumophila showed that specific sampling sites are unique microenvironments and that the conditions at each site select for a particular dominant strain. Distinct predominant Legionella strains were isolated from each of six hospitals supplied with water from the same distribution system (15), from two adjoining hospitals supplied by the same municipal main (21) , and even from different taps within the same hospital (16) . It is reasonable to expect similar diversity with respect to M. avium isolations from different locations within the distribution system and even within individual buildings.
Strains classified as closely related cannot be ruled out as the infecting strains. Growth conditions in the body are quite different from those in the distribution or plumbing systems, and it is possible that a subpopulation of organisms slightly different from the original infecting strain will predominate after passage through a host. Pestel-Caron and Arbeit (20) observed significant variability in the locations and copy numbers of IS1245 elements among independent patient isolates representing the same strain. These changes could easily alter the position of one or more of the restriction fragments of AseI digests.
The larger number of isolates found in hospital water suggests the possibility of the nosocomial spread of M. avium to immunocompromised patients and to AIDS patients in particular (3, 28) . Nosocomial spread could be verified by performing a prospective epidemiological study, but such a study should not be performed until better methods for the isolation of M. avium from water and for genetic typing are developed. Too many strains either are not recoverable by the isolation techniques that are currently available or are not typeable by LRF analysis due to insufficient growth or the insufficient release of DNA upon lysis.
This study proposes that potable water is probably a source of M. avium infection in humans. A comparative analysis of other clinical and water NTM isolates by PCR and LRF methods will be discussed in future papers. Food may also be a potential source of infection with NTM. We are currently isolating NTM from foods (fresh fruits, vegetables, unpasteurized juices, etc.) and are comparing these isolates to clinical isolates.
